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Introduction
Arsenic (As) is an element that is known to be toxic to humans, but the degree of toxicity depends on whether the chemical species are classified as inorganic or organic [1, 2] . The inorganic species include arsenite (As(III)) and arsenate (As(V)), which are known to be more toxic than the organic species such as monomethylarsinic acid and dimethylarsinic acid. Among these species, As(III) is the most toxic, followed by As(V) and the organic varieties. Therefore, the speciation of the As species, particularly of the inorganic species, is an important issue in environmental chemistry, in earth resource engineering, and in the mining industry.
When determining the speciation of inorganic As, the simultaneous determination of three species, As(III), As(V), and total As, enhances the reliability of the results. Ordinarily, speciation is performed by the determination of two of the three As species. Several separation techniques such as high-performance liquid chromatography (HPLC) [3] , ion chromatography (IC) [4, 5] , and capillary electrophoresis [6] [7] [8] were coupled using either inductively coupled plasma-optical emission spectroscopy (ICP-OES) or inductively coupled plasma-mass spectroscopy (ICP-MS) to achieve a sensitive determination of As(III) and As(V), whereas voltammetry was utilized for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 when it was used to determine the content of As(III) and As(V) in natural river water.
A convenient method for As speciation was important in the study of As immobilization using microorganisms. Okibe and coworkers reported that the microorganism would be useful for the immobilization of As species from acidic refinery wastewater via the simultaneous oxidation of As(III) to As(V) followed by the formation of insoluble species consisting of Fe(III) and As(V) using
Acidianus brierleyi [12] . They demonstrated that the microorganism would be useful for the removal of As from the refinery wastewater that is produced in the mining industry, although the details surrounding the oxidation mechanism of A. brierleyi remain unclear. In their research, As species in the culture media were determined via voltammetry and ICP-OES, i.e., As(III) and total As were determined independently by voltammetry and ICP-OES, respectively. Therefore, a simple and easy method for the determination of the As species not only in culture media but also on cells would be attractive and useful in the study of the oxidation mechanism in A. brierleyi.
In the present study, we developed a method for the speciation of As by ICP-OES coupled with a flow injection pretreatment system using a single anion-exchange mini-column. The flow injection system consisted of a syringe pump, a selection valve, and a switching valve, which were controlled by a personal computer. Sample solutions were introduced into ICP-OES with and without passing through an anion-exchange mini-column to determine As(III), As(V) and total As in succession.
The results obtained by the proposed method were more reliable than the other speciation methods since the total concentration was also determined simultaneously and could be directly compared with the determined concentrations of As(III) and As(V).
The developed method is facile, high-throughput, sensitive, selective, and reliable for the speciation of As and is applicable to the speciation of As in A. brierleyi and its culture media after different incubation times. To the best of our knowledge, this is the first report concerning the determination of the As species in A. brierleyi cells. Therefore, the method for speciation of for the culture media were consistent with a previous report by Okibe and coworkers. In addition, we found that As(III) was completely oxidized and immobilized in the microorganism after a 6-day incubation.
Experimental

Materials
All reagents were of analytical grade and were used without further purification. All solutions were prepared by being dissolved in water that had been purified by means of an ultrapure MILLI-Q system (Millipore, Molsheim, France). The microorganisms used in this study, A. brierleyi (DSMZ 1651), were cultured in the same manner as that reported in a previous paper [12, 13] . Briefly, A. brierleyi was cultured in a 500 mL
Erlenmeyer flask containing 200 mL of 9K basal salts medium (pH was adjusted to 1.5 with H 2 SO 4 )
with 500 mg L -1 As(III) in either the presence or absence of 900 mg L -1 Fe(II) as FeSO 4 ·7H 2 O. The microorganisms were incubated at 70 ºC with shaking at 100 rpm. The culture medium was centrifuged to separate the microorganisms, which were then collected for the measurement of the As species.
Under these conditions, the number of cells was observed to decrease [12] , which was attributed to both a lack of an energy source and the toxicity of As(III) to A. brierleyi. However, As(III) was only weakly toxic, since the A. brierleyi culture was still alive even after 14-days incubation although a gradual decrease in the number of cells was observed [12] .
For the preparation of the culture medium samples, 0.25 mL of culture medium was diluted to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 [14] [15] [16] . Briefly, the system consisted of a syringe pump, an 8-port selection valve, and a 6-port switching valve, all of which were controlled by a personal computer using in-house software written by Visual Basic.
A mini-column (2 mm i.d.×40 mm, polypropylene) that was produced in-house was packed with anion-exchange resin and was connected to the selection valve of the Auto-Pret. A schematic illustration of the flow diagram is shown in Fig. 1 . Initially, the mini-column was preconditioned with 4 mL of 0.1 M sodium acetate solution. Then, 1 mL of a sample solution buffered at pH 5 was introduced into the mini-column where As(III) was separated from As(V) when the As(V) was retained onto anion-exchange resin ( Fig. 1 (A) ). The mini-column was then washed with 3 mL of water for transport of the As(III) to ICP-OES. After the measurement of the As(III), 4 mL of 1 M HNO 3 was introduced into the mini-column to elute and transport the As(V) to ICP-OES ( Fig. 1 (B) ).
Finally, the switching valve was switched so the sample would not pass through the mini-column and another 1 mL of the sample was subjected to ICP-OES to determine the total concentration of As ( Fig. 1 (C) ). The data obtained via ICP-OES, i.e., the charts of time (s) vs. intensity (cps), were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 As(V) could be eluted via the sequential flowing of an acidic solution. Conversely, to determine the total As, we switched the switching valve so that the sample would not pass through the mini-column, which resulted in a direct introduction of the sample into ICP-OES.
For quantitative analysis of the As species, the pH of the sample solution and the concentrations of the nitric acid used as an eluent for As(V) were varied for optimization. The pH of the sample solution containing As(III) and As(V) was adjusted using 0.1 M acetate buffer solutions with different pH values. At pH values of 4 to 6, the peak areas for As(III) were constant, i.e., As(V) was completely retained on the mini-column even at pH 4. The nitric acid solutions with concentrations that differed from 0.1 to 2 M were examined in order to elute the As(V) that had been retained on the anion-exchange resin. The results showed that a concentration of more than 1 M was sufficient to elute the As(V) from the mini-column. Consequently, the pH values of the sample solutions were adjusted to 5.0 using the acetate buffer, then 1.0 M of nitric acid was employed to elute the As(V) that had been retained on the anion-exchange resin. The measurements of the As(III), As(V), and total As are summarized in Table 1 . As shown in Table 1 , the flow rate was optimized at 30 μL/s (1.8 mL/min), for which the total analysis time of one sample, including the preconditioning step, was about 16 min.
The present method has the following advantages; the instrument is much simpler than HPLC, three species (As(III), As(V) and their total) are simultaneously determined, replacement of a packing material is easy because of no need of high pressure for packing, and successive measurements are automated by a program. So, the pretreatment system provides inexpensive, reliable, and rapid analytical method for As speciation.
Calibration curves
For the determination of each As species, calibration curves of As(III), As(V) and total As were constructed under the optimized conditions described in section 3.1. The typical signals of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 flow analysis are shown in Fig. 2 . The sample solutions contained 0.2, 0.4 and 1.0 ppm of As (III) and As(V) so that the totals were 0.4, 0.8 and 2.0 ppm, respectively. Fig. 2 shows the three consecutive peaks of As(III) and As(V) with the totals in the same order. As noted in Fig. 2 , As(V) was detected as sharp peaks since it was concentrated on the mini-column. Conversely, the peak width for As(III) and the totals were broader than that of As(V) due to the lack of preconcentration in the mini-column. The standard solutions with different concentrations of As(III) and As(V) were measured to construct the calibration curves, and the results are summarized in Table 2 . At the concentration range of 0-1.0 ppm, each calibration curve showed good linearity, while the slopes were different. The change in the slopes of the calibration curves were attributed to the change in the flow rate of each solution when introduced into ICP-OES, and to the preconcentration of As(V)
by the mini-column. In terms of the flow rate, we confirmed that the slope of the calibration curve was reduced as the flow rate was increased. Although the flow rate was always controlled at 30 μL s -1 , the mini-column increased the pressure, which resulted in a slightly decreased flow rate.
Therefore, during the measurement of total As, the flow rate was faster than it was for the As(III) and As(V) measurements, resulting in a slope for total As that was smaller than that for As(III).
Conversely, the difference in the slopes between As(III) and As(V) was attributed to the preconcentration of As(V) on the mini-column. The limits of detection (LOD) for the As species (defined as the concentrations at a signal-to-noise ratio = 3 where the noise was defined as the standard deviation of the background signals over a distance equal to 20 times the width at half-height of the peak [18] ) were estimated to be 158 ppb for As(III), 86 ppb for As(V) and 211 ppb for total As. The LODs were slightly higher than those reported in the previous publications, e.g., 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 
Precipitation formation between As and Fe
Scordite, FeAsO 4 2H 2 O, is insoluble in water and its solubility product is 10 -21.7 [19] .
Therefore, when A. brierleyi produced Fe(III) and As(V), scordite or scordite-like ferric arsenate was simultaneously formed in the microorganisms, resulting in the immobilization of As species. To confirm the precipitation formation under the present culture conditions, 0-900 ppm of Fe(III) or 3. When Fe(III) was added to the mixture of As(III) and As(V), the concentration of As(V) was gradually decreased as the concentration of Fe(III) was increased due to the formation of precipitation between As(V) and Fe(III), while the concentration of As(III) was constant ( Fig. 3(A) ).
Thus, the decrease in the total As concentration meant a selective precipitation of As(V) with Fe(III).
Conversely, the concentrations of all As species remained constant when Fe(II) was added to the As mixture ( Fig. 3(B) ), i.e., no precipitation was formed in the presence of Fe(II). This means that the As and Fe must be As(V) and Fe(III) in order to form a precipitation of As and Fe as expected from the small solubility product of scordite.
Effect of Fe(II) on the oxidation of As(III) by A. brierleyi
Okibe and coworkers have demonstrated that the oxidation of As(III) to As(V) was enhanced in the presence of Fe(II), i.e., As(III) and Fe(II) were simultaneously oxidized by A. brierleyi, followed by the immobilization as precipitation of Fe(III) and As(V). A. brierleyi can oxidize Fe(II) to Fe(III) in its growth process, whereas the rate of the redox reaction between Fe(III) and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 oxidize As(III) to As(V), according to the standard redox potential for Fe(II)/Fe(III) and As(III)/As(V) [17] . Therefore, As(III) should also be oxidized by A. brierleyi, as proposed by Okibe and coworkers [12] . To confirm this simultaneous oxidation, two kinds of culture media containing 500 ppm of As(III) were prepared, one with 900 ppm of Fe(II) and another without Fe(II).
After incubating A. brierleyi for 14 days, the concentrations of the As species in each medium were determined by the proposed method. The results are shown in Fig. 4 : (A) without Fe(II) and (B) with Fe(II). In the absence of Fe(II), the peak area of As(III) was much larger than that of As(V),
i.e., the oxidation of As(III) would not take place or would proceed very slowly in the culture medium. However, the peak area of As(V) increased as that of As(III) was decreased in the presence of Fe(II). The total As concentrations were in good agreement with the sum of As(III) and As(V) for both forms of culture media, that is, no loss of the As species was found in the pretreatment system. Therefore, these results support those obtained by Okibe and coworkers who found that the oxidation of As(III) by A. brierleyi was promoted by the presence of Fe(II) in the culture medium.
Determination of the As species in the culture media and A. brierleyi cells
In the presence of A. brierleyi, As(III) was immobilized by the simultaneous oxidation of As(III) and Fe(II) followed by the precipitation formation between As(V) and Fe(III). In addition, Fe(II) was needed for the oxidation of As(III) to As(V) by A. brierleyi, although the reason remains unclear. To obtain further information on the oxidation process, we attempted to determine the As species in the culture media and the cell pellets at different incubation times. Fig. 5 shows the dependence on incubation time of the As(III), As(V), and total As concentrations in the media and cells. In the culture media, As(III) decreased rapidly and became constant after 6 days while As(V) was almost constant. Since only As(III) was dissolved in the culture medium before incubation, the decreased As(III) meant that the A. brierleyi had oxidized As(III) to As(V). The constant 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 concentration of As(V) may be due to the exocytotic release of As(V) from the precipitation formed in the cells. A similar decrement of As(III) in the culture media was observed in a recent study by Okibe et al., although the residual amounts of As(III) were different from their results where As(III) was completely oxidized after a 6-day incubation [20] . A possible reason may be a different sample storage method, i.e., our samples were frozen for delivery in the present study while their samples were stocked in a refrigerator and were determined within one week.
It should be noted that the present study is the first demonstration of As speciation in A.
brierleyi cells. The results of the cell pellets indicated that the As species in the cells was only As(V); i.e., As(III) was completely oxidized to As(V) in the cells after a 6-day incubation. The total As concentration was in good agreement with the sum of As(III) and As(V) so that each species was successfully determined by the proposed method. The results in Fig. 5 (B) confirmed that As was completely immobilized in the cells after 6 days [19] , because no As(III) and only trace amounts of As(V) were found in the cell pellets.
The concentration of As(V) in the culture medium was almost constant at 100 ppm after a 6-day incubation. The concentration was much lower than the solubility of scordite under culture conditions of pH 1.0 since the solubility of scordite has been estimated at more than 10 mM, which corresponds to 749 ppm [18] . Therefore, the precipitation of the ferric arsenate produced in A.
brierleyi would be immobilized in the cell body and/or extracellular polymeric substances region without being exposed to the culture medium, as proposed by Okibe and coworkers [12] . The results for the cell pellets also supported the proposed mechanism since no As (or a trace amount)
was found in the cell pellets after a 6-day incubation; i.e., As(III) was completely oxidized and was immobilized in the cell body and/or extracellular polymeric substances region. Consequently, these results suggest that the proposed method is applicable to the speciation of the As species in A.
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Conclusion
Here we developed a facile and reliable method for the determination of As(III), As(V), and total As via ICP-OES coupled with a flow-injection pretreatment system using a mini-column packed with an anion-exchange resin. The method was successfully applicable to the speciation of As in A.
brierleyi cells and its culture medium. The results obtained in this study support the simultaneous oxidation of As(III) and Fe(II) as proposed in a previous study. The results for the determination of
As species in cell pellets indicated that As(III) was completely oxidized to As(V) in the cultured A.
brierleyi after a 6-day incubation. This fact is consistent with a previous report, which mentioned that As was immobilized as As(V) in A. brierleyi. Therefore, ICP-OES coupled with a flow-injection pretreatment system is a useful technique in the study of the oxidation mechanism of A. brierleyi, which is promising for use in the treatment of industrial and natural water containing inorganic As species . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 brierleyi was cultured in the media containing 500 ppm As(III) and 900 ppm Fe(II). The amounts of As in the cells were divided by the number of the cells in order to correct the effect of the differences in the cell population. Other conditions are given in the text.
